Deregulated apoptosis represents an important hallmark of tumor cells. Here we investigated the induction of cell death signaling pathways in cell lines previously established from patients with Hodgkin's disease. Our data show that Hodgkin's disease derived B-cell lines uniformly proved resistant to staurosporine, a protein kinase C inhibitor that preferentially stimulates the mitochondrial apoptotic pathway. Contrary to control cell lines, staurosporine failed to induce cytochrome c release from mitochondria in Hodgkin derived B-cells. Correspondingly, activation of caspases was not observed in these cells. In staurosporine-treated Hodgkin cells Bax remained in its inactive state, indicating that these cell lines have a defect in this crucial step in apoptotic signaling upstream of the mitochondria. Our results suggest that the failure to activate Bax might represent a common defect of Hodgkin tumor cells of the B-cell lineage.
Introduction
Proliferative diseases, including tumors, are characterized by accumulation of cells as a result of a disturbed tissue homeostasis. This is partly due to impairments of apoptosis, which is a highly conserved and tightly regulated mechanism of cell death. The principle effectors of apoptotic signaling are caspases, a family of cysteine containing aspartate-specific proteases. Caspases are synthesized as inactive proforms and exist as zymogens in the cytosol. Upon induction of apoptosis caspases are proteolytically cleaved to an active heterodimer. 1, 2 Eventually caspases cleave cellular substrates resulting in the typical morphological hallmarks of apoptosis. 3 These cellular substrates also include other caspases, resulting in a caspase cascade, with the executioner caspases -3, -6, and -7 at its distal end.
Two distinct apoptotic signaling pathways have been identified. The triggering of death domain containing cell surface receptors of the tumor necrosis factor (TNF) ± super family results in the recruitment and proteolytic activation of caspase-8, which eventually results in the cleavage and activation of downstream effector caspases. 4 The second apoptotic signaling pathway involves mitochondria and results in the release of pro-apoptotic factors from mitochondria, such as cytochrome c. The released cytochrome c binds to the cytosolic apoptotic proteaseactivating factor-1 (Apaf-1), subsequently activating caspase-9. This apoptosome complex in turn activates downstream executioner caspases. 5 ± 7 Each step of the apoptotic signaling cascade is under stringent control. Important regulators of apoptotic signaling are the proteins of the Bcl-2 family, consisting of antiapoptotic members such as Bcl-2, but also include proapoptotic members such as Bax. Bax can induce the release of cytochrome c from mitochondria and represents an important relay of the mitochondrial apoptotic pathway and subsequent activation of caspases. 7 ± 9 In order to induce cytochrome c release, Bax moves from the cytosol to the mitochondria and undergoes a conformational change, by which it gains its pro-apoptotic activity. 10 ± 15 The underlying mechanisms for the conformational change and the activation of Bax are not yet known. The proapoptotic action of Bax is antagonized by Bcl-2 and Bcl-X L , that inhibit the release of cytochrome c from mitochondria.
± 9
Overexpression of Bcl-2 due to the t(14;18) chromosomal translocation, which fuses the bcl-2 gene to the immunoglobulin enhancer, has been implicated in the pathogenesis of follicular lymphoma. 16 ± 18 In contrast, the role of Bcl-2 family proteins for the development of Hodgkin's lymphoma is not yet clear. In most cases of classical Hodgkin's disease (HD), Hodgkin-Reed-Sternberg (H-RS) cells clonally derive from germinal-center B cells. Within their rearranged immunoglobulin genes, somatic mutations were detected converting potentially functional into non-functional immunoglobulin gene rearrangements, which explains why H-RS cells do not express a B-cell receptor. 19 Under physiological conditions, these cells would undergo apoptosis within the germinal center. However, H-RS cells clonally expand, disseminate, and lead to clonal relapse of HD, indicating their resistance to induced programmed cell death through an unknown mechanism.
Staurosporine induces apoptosis in almost all cells studied through the mitochondrial apoptotic signaling pathway, although the molecular mechanism remained elusive. 20, 21 This prompted us to study Hodgkin B-cell lines with regard to staurosporine-induced cell death. Strikingly, all Hodgkin derived B-cell lines are resistant to staurosporine-induced cell death and the detailed investigation revealed a defect in Bax activation as the underlying mechanism.
Results
Induction of pro-apoptotic mitochondrial signaling by staurosporine Staurosporine has been described as a potent inducer of apoptosis through the mitochondrial pathway. Most tumor cells undergo apoptosis when treated with staurosporine. 22 The characteristic cascade of staurosporine-induced signaling steps is exemplified by HeLa cells as shown in Figure  1 . As an immediate-early event, Bax activation/conformational change can be detected by a N-terminal epitopespecific antibody, 6A7, within 30 min of staurosporine treatment. The 6A7 monoclonal antibody recognizes Bax in a conformation with an exposed N-terminus, but not native Bax. 11, 12, 14, 15, 23 Immunoprecipitations were performed on cell lysates obtained by extraction with 1% CHAPS. Consistent with published reports, lysis with CHAPS did not induce a Bax conformational change in untreated HeLa cells but Bax was in its native conformation and therefore was not immunoprecipitated by anti-Bax 6A7 antibody. 11, 12, 14, 15 The N-terminal epitope of Bax became accessible for 6A7 binding after treatment of HeLa cells with staurosporine. Notably, the total amount of Bax protein remained unchanged, indicating that the increasing fraction of active Bax protein does not correspond to newly synthesized protein. Concomitantly, cytochrome c was released from mitochondria into the cytosol. Activation of caspase-3 occurred with slightly delayed kinetics indicated by the processing into the p20/p17 fragments. These results are in line with the previously proposed sequence of events in mitochondrial apoptosis, where cytochrome c release is induced by the activation of Bax, which eventually results in the activation of caspase-3 as an executioner caspase.
Staurosporine resistance of Hodgkin derived B-cell lines
Previously published reports have shown that most tumor cell lines investigated proved sensitive to staurosporine. 22 However, when we investigated the HD B-cell lines L428, L591, L1236 and KMH2, a marked resistance to staurosporine was observed in comparison to control cells ( Figure 2 ). This prompted us to examine the expression of proteins involved in the mitochondrial apoptosis pathway by Western blot analysis ( Figure 3 ). Bcl-X L , one of the major anti-apoptotic proteins, was expressed in all HD B-cell lines tested. In contrast, another anti-apoptotic protein, Bcl-2, was expressed at lower levels in HD B-cell lines compared to control B-cells. The expression of Bax and caspase-3 was comparable in all cell lines, whereas the Hodgkin B-cells contained slightly less Bak protein compared to the control cells. Taken together, HD Bcells did not reveal an uniform expression pattern of pro-or anti-apoptotic proteins that would explain the staurosporineresistant phenotype.
Defective Bax-activation in HD B-cell lines
The mere presence or absence of members of the apoptotic pathway does not allow conclusions with respect to intact or defective mitochondrial signaling. This is because rather complex interactions of the proteins of the Bcl-2 family and caspases involving homo-and heterodimerization, conformational changes, and post-translational processing, seem to regulate the mitochondria-associated apoptosis. To test for putative defects in the mitochondrial apoptotic pathway, HD B-cell lines were therefore scrutinized for the character- Figure 1 Bax activation, cytochrome c release and caspase activation in HeLa cells. Cells were treated for 5 h with 1 mM staurosporine, aliquots of cell lysates were prepared at the timepoints indicated. Total cell extracts and cytosolic extracts were subjected to SDS ± PAGE and Western blotting. Activated Bax was immunoprecipitated in the whole cell extracts with the conformation specific antibody 6A7 and subsequently detected by human Bax antiserum and compared to the total amount of Bax in the lysates. Cytochrome c and caspase-3 were detected in cytosolic extracts. Reprobing for Actin ensured equal loading Figure 4 , staurosporine-treated L591, L1236, L428 and KMH2 cells do neither show activation of Bax, nor cytochrome c release from the mitochondria or processing of caspase-3. Specifically, Bax activation could hardly be discerned. In contrast, an intact mitochondrial signaling including Bax conformational change, cytochrome c release and caspase-3 processing was observed in L1309, L1311, LCL6 and C28 cells, EBV transformed non-malignant B-cell lines used as control.
To confirm the lack of Bax activation in the HD B-cells, immunofluorescence staining of Bax with anti-Bax 6A7, recognizing activated Bax protein, was performed. Figure 5 shows the Bax staining (red) merged with nuclei staining (blue). Consistent with our immunoprecipitation results untreated L1309, L591 and KMH2 cells were negative for staining with 6A7. Treatment of L1309 cells with staurosporine induced a conformational change in Bax, resulting in a punctuated staining pattern 12, 24 as early as 2 h of treatment, while nuclear fragmentation was observed at later time points in a significant proportion of cells. Neither Bax staining nor nuclear fragmentation was observed in L591 and KMH2 cells after staurosporine treatment up to 12 h, indicating a lack of activated Bax protein and apoptosis. Equal amounts of total cell lysates from the cells indicated were subjected to SDS ± PAGE and Western blotting. Proteins were detected after incubation with antibody to Bcl-2, Bcl-X L , Bax, Bak, caspase-3 followed by secondary antibody and ECL as described in Materials and Methods. Equal loading was confirmed by detection of Actin on the same membranes Figure 4 Bax activation, cytochrome c release and caspase activation in Hodgkin and control cell lines. Cells were treated for 6 h with 1 mM staurosporine, aliquots of cell lysates were prepared at the timepoints indicated. Total cell extracts and cytosolic extracts were subjected to SDS ± PAGE and Western blotting. Activated Bax was immunoprecipitated in the whole cell extracts with the conformation specific antibody 6A7 and subsequently detected by human Bax antiserum and compared to the total amount of Bax in the lysates. Cytochrome c and caspase-3 were detected in cytosolic extracts. Reprobing for Actin ensured equal loading
Lack of caspase-3 activation in HD B-cells
The caspase-3 antibody stained some low molecular weight proteins in the cytosolic extracts of L428, L591 and KMH2 cells. These bands do not represent the right size of properly processed caspase-3 and do not suggest enzymatic activity of caspase-3. To rule out the remote possibility of aberrant caspase activation, the activity of caspase-3 was measured by an independent assay system. Caspase activity of cytosolic extracts from L591, L1236, L428, KMH2, L1309, L1311, LCL6, and C28 control cells treated with staurosporine for the times indicated was measured using the fluorogenic substrate DEVD-afc. As shown in Figure 6A , staurosporine-induced caspase activity was only observed in L1309, L1311, LCL6 and C28 control B-cells with a maximum at 6 h of treatment. No significant activation of caspases could be measured in staurosporine treated L591, L1236, L428 and KMH2 cells, confirming the results obtained by Western blot analysis.
The possibility of delayed cytochrome c release and caspase-3 processing in HD B-cells compared to the control B-cell line L1309 was ruled out by extended kinetic analysis of cytosolic cytochrome c and caspase-3 processing by Western blotting in parallel to measurements of caspase-3 activation using the fluorogenic substrate DEVDafc (Figure 6b ). In the control cell line L1309 the peak activity of caspase-3 was observed 6 h after induction of apoptosis with staurosporine, decreasing thereafter due to cell death and degradation of the apoptotic cell fragments. Western blotting for proteolytic cleavage during the activation of caspase-3 confirmed the peak of caspase-3 activity at 6 h of staurosporine treatment. In the staurosporine resistant cell lines, neither cytochrome c release nor proteolytic cleavage and subsequent activity of caspase-3 could be detected within 24 h of treatment with staurosporine, indicating that cytochrome c release and caspase-3 activation do not occur at all.
Discussion
The PKC-inhibitor staurosporine is a classical inducer of apoptosis in a broad spectrum of nontransformed and tumor cells. Four neoplastic B-cell lines established from patients with Hodgkin's disease were shown to be resistant to staurosporine-induced cell death. The results of our study revealed that these HD B-cell lines have developed a resistance to apoptosis by alteration of the mitochondrial signaling pathway, which manifests in the failure to trigger the release of cytochrome c from mitochondria and subsequent caspase activation. By detailed analysis of the mitochondrial apoptosis pathway the signaling defect was localized upstream of mitochondria at the level of Bax activation.
Hodgkin's disease is a lymphoid neoplasm characterized by low-frequent malignant tumor giant cells, known as H-RS cells, in a background of abundant nonneoplastic inflammatory cells. The HD cell lines used in this study, L428, L591, L1236, and KMH2, are well characterized with regard to their morphology and immunophenotype and display typical B-cell associated markers. 25, 26 For example, immunoglobulin rearrangements were detected in L1236 cells, proving that this cell line is of clonal B-cell origin. 18, 27 Intriguingly, all HD B-cells were resistant to cell death induction by staurosporine and showed a defect in Bax activation, whereas their nonmalignant B-cell counterparts displayed an intact mitochondrial apoptosis pathway. Notably, HDLM2, a Hodgkin cell line of T-cell origin 25 proved sensitive to staurosporine showing an intact proapoptotic mitochondrial signaling pathway (data not shown). Thus, the defective Bax activation may be restricted to HD tumor cells of the B-cell lineage.
In the HD B-cell lines, Bax activation could be disturbed by a variety of possible mechanisms. The pro-apoptotic protein Bax can not only form homodimers but has also been shown to interact with a variety of other proteins. 12, 28, 29 For example, Bax could be bound to antiapoptotic Bcl-2 family members or to presently unknown proteins, masking Bax and preventing its activation. Over- Staurosporine has been shown to block PKC-mediated Bcl-2 phosphorylation in vitro. 30, 31 Bcl-2 phosphorylation at the evolutionarily conserved serine-70 residue seems to be required for its anti-apoptotic function and may affect the stability of interaction with Bax. 30 Thus, a failure of staurosporine to block Bcl-2 phosphorylation would be one possible explanation for the lack of Bax activation in HD B-cells. However, significant differences in the level of phosphorylated Bcl-2 in HD B-cells compared to control cells could not be detected before or after staurosporine treatment (data not shown). In addition, compared to control B-cells, Bcl-2 and Bax proteins did not coprecipitate in HD cells at particularily high levels, indicating that Bax is apparently not inhibited by Bcl-2 in these cells (data not shown). This is in line with the observation that Bcl-2 is expressed at lower levels in HD B-cells (Figure 3) .
Apoptosis pathways consist of a cascade of signaling proteins before the final irreversible decision to die is made. The whole pathway is tightly regulated by a variety of proteins, as are the members of the Bcl-2 family, the inhibitors of apoptosis (IAPs), and the Smac/Diabolo proteins. 32 ± 35 Therefore, resistance to apoptosis can be acquired by regulation of different steps in the pathway. Cells lacking both Bax and Bak are completely resistant to multiple apoptotic stimuli such as staurosporine, ultraviolet radiation, growth factor deprivation, etoposide and endoplasmic reticulum stress stimuli. 36 Like HD B-cell lines, most HD biopsies however, stained positive for Bax and/or Bak. 37 ± 41 This leads to the conclusion that the cell death promoting activity of Bax might be neutralized by other apoptosis regulating proteins. 38 Besides Bcl-2, HD B-cells expressed Bcl-X L , another anti-apoptotic member of the Bcl-2 family. Bcl-X L expression has been previously observed by immunohistochemical analysis of HD biopsies. However, Bcl-X L is also expressed by nonmalignat B-cells. Furthermore, Bcl-X L has not been shown to be a target for staurosporine. Clearly, the molecular mode of staurosporine action and, in particular, its failure in HD B-cells has yet to be elucidated.
In many tumors, resistance to apoptosis was shown to be secondary to high levels of anti-apoptotic Bcl-2-like proteins and/or low level expression of their pro-apoptotic counterparts. In HD B-cells the balance of pro-and antiapoptotic Bcl-2 proteins is apparently not disturbed. Rather, HD B-cells provide the first example for a tumor entity, where resistance to mitochondrial apoptosis seems to be brought about by a regulatory defect controlling Bax activation.
Materials and Methods

Cell culture
The establishment of the Hodgkin B-cell lines L591, L428, L1236 and KMH2 has been described elsewhere. 25, 42 The HD cell lines and L1309, L1311 were a gift of V Diehl; LCL6 a gift of M Kochanek; C28 a gift of H Abken, University of Ko È ln, Germany. The control B cell lines were established by immortalization of human primary B-cells by EBV. The cell lines were cultured in VLE RPMI 1640 (Biochrom) supplemented with 10% FCS (Biochrom), 2 mM L-glutamine, 100 mg/ml streptomycin and 100 U/ml penicillin. Apoptosis was induced by incubating the cells in the presence of 1 mM staurosporine (Alexis). Cell death was examined using trypan blue exclusion. All chemicals were purchased from Sigma unless indicated otherwise.
Sample preparation and immunoblotting
For isolation of cytosolic extracts, 10 7 cells were washed twice with PBS at 48C. Cells were resuspended in 50 ml of buffer A (50 mM PIPES, pH 7.0, 50 mM KCl, 2 mM MgCl 2 , 5 mM EGTA, 10 mM cytochalasin B, protease inhibitors (protease complete cocktail: 15 mg/ml pancreatic extract; 15 mg/ml pronase; 0.8 mg/ml thermolysin; 1.5 mg/ml chymotrypsin; 0.2 mg/ml trypsin; 1 mg/ml papain; Roche Diagnostics) and 1 mM dithiothreitol and incubated for 20 min on ice for swelling. After addition of mannitol and sucrose to a final concentration of 220 mM and to 68 mM respectively, cells were cracked by passing through a 27-gauge needle. Cell breakage was verified microscopically using trypanblue exclusion. Membranes were pelleted at 14 0006g for 20 min at 48C, and the resulting supernatants recovered (cytosolic extract). Whole cell extracts were prepared by lysing 10 7 cells in 1 ml of CHAPS lysis buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1% CHAPS, protease complete cocktail) on ice for 30 min. The crude lysate was then centrifuged at 14 0006g for 20 min at 48C and the supernatant stored at 7808C. Equal volumes of cytosol and whole cell extract were separated by SDS ± PAGE and transferred to nitrocellulose membrane (Protran 0.2 mm; Schleicher and Schuell). Rabbit polyclonal antisera specific for human caspase-3, human Bax, Bak, Bcl-X L and monoclonal mouse anti-cytochrome c were obtained from Pharmingen. The polyclonal anti-serum specific for Bcl-2 was a gift from J C Reed, La Jolla, USA. Horseradish peroxidase conjugates of anti-rabbit and anti-mouse IgG (Biorad) were used as secondary antibodies and signals were detected by ECL (Amersham).
Immunoprecipitation
Equal volumes of whole cell lysates (10 7 cells/ml) were used for immunoprecipitation. The KCl concentration of the cell lysates was adjusted to 150 mM, and all samples were brought to a final volume of 500 ml with CHAPS lysis buffer. Samples were rotated for 12 h at 48C with 6 mg of monoclonal anti-Bax 6A7 antibody (Pharmingen). Antigenantibody complexes were immobilized by rotation for 2 h at 48C with GammaBind G Sepharose (Pharmacia Biotech). The complexes were pelleted (1 min, 14 0006g) and the supernatant removed. The complexes were then washed three times with the same buffer used for the immunoprecipitation and subjected to SDS ± PAGE and immunoblotted as described above.
Immuno¯uorescence and¯uorescence microscopy
Cells were treated with 1 mM staurosporine for 0, 2, 4, 6 and 12 h, harvested and washed twice with cold PBS. Cells were then fixed with 3% paraformaldehyde for 20 min, permeabilized with 0.1% saponin in PBS for 10 min, and blocked with 3% BSA, 0.005% sodium azid, 4 ml/ ml gelatine (45% Teleostean gelatine) and 0.1% saponin in PBS for 30 min. For immunostaining, cells were incubated with primary mouse anti-Bax 6A7 antibody for 1 h, washed with 0.1% saponin in PBS and then incubated with goat anti-mouse antibody conjugated with Alexaflour 568 (Molecular Probes) for 30 min. Nuclei were counterstained with Hoechst 33258 (10 mg/ml PBS) and mounted on glass slides and examined under a fluorescence microscope.
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Preparation of cytosolic extracts and caspase activation
For preparation of cell free lysates the procedure described by Ellerby et al. (1997) , and Stennicke et al. (1998) 43,44 was used with minor modifications. 10 7 cells were harvested, washed twice in phosphatebuffered saline at 48C, pelleted for 5 min at 12006g and resuspended in HEB (20 mM PIPES, pH 7.0, 50 mM KCl, 2 mM MgCl 2 , 5 mM EGTA, 1 mM dithiothreitol) and allowed to swell on ice for 20 min. After addition of PMSF to 100 mM, cells were cracked by passing through a 27-gauge needle and pelleted at 14 0006g for 20 min at 48C. The resulting supernatant (cytosolic extract) was recovered. Protein concentration was determined by the bicinchroninic acid assay method (Pierce) using BSA as a standard. Protein concentrations of extracts were adjusted to 2 mg/ml, 5 ml of cytosolic extract were added to 95 ml caspase buffer (20 mM Pipes, 100 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10 % sucrose, 10 mM dithiothreitol) and reactions were initiated by addition of 100 mM Ac-DEVD-AFC (Ac-DEVD-7-amino-4-trifluoromethyl coumarin). Caspase activity was assayed by release of 7-amino-4-trifluoromethyl-coumarin (AFC) from DEVD containing synthetic peptides using continuous-reading plate reader (Wallac victor 2 TM multilabel counter 1420) thermostated at 308C at 400/ 505 nm excitation and emission respectively.
